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Introduction
Heteroleptic sandwich-type complexes containing tetrapyrrolic ligands are promising starting compounds for the development of novel materials with unique properties. [1] The electron-reach conjugated π-system of lanthanide heteroleptic (porphyrinato)(phthalocyaninates) determines large set of their electrochemical redox-transitions. [2, 3] The unique electrochemical properties of these compounds enabled their investigations from the point of molecular information storage applications. [4] Lindsey et al. have found that the largest set of redox transitions within narrow range of potentials can be attained in the case of heteroleptic triple-decker (porphyrinato)(phthalocyaninates) containing different lanthanide metal centers and different substituents in the macrocyclic decks. [5, 6] Complexes with various functional tetrapyrrolic ligands have revealed single molecule magnet properties. [1, [7] [8] [9] [10] [11] Non-linear optics, [12] and two-photon absorption [13] have also been shown to be the strengths of heteroleptic lanthanide (porphyrinato)(phthalocyaninates). Hence, the targeted synthesis of heteroleptic sandwichtype complexes with desired arrangement of tetrapyrrolic ligands remains an actual task. [14] The typical approach consists in stepwise construction of the target molecule starting from the formation of lanthanide mono-porphyrinate or phthalocyaninate, with subsequent introduction of the following ligand or its precursor. [11, [15] [16] [17] Another case is the interaction between in situ generated lanthanide mono-porphyrinate and a pre-synthesized double-decker complexes. [17] [18] [19] Altogether these approaches allow preparation of various heteroleptic lanthanide complexes containing equal or different metal centers for electrochemical or magnetic application.
On the other hand, the stepwise synthetic strategy possesses several considerable drawbacks. First of all, the decrease of overall yields of the final products are observed. Moreover, the experimental implementations of this strategy turn out to be excessively complicated. In this respect, the statistical syntheses of lanthanide heteroleptic complexes have attained notable interest. The enhanced selectivity in this type of synthesis of heteroleptic tripledecker complexes was found to be dependent on the electronic properties of the phthalocyanine ligand. [20, 21] The mentioned peculiarities have forced us to investigation of simplified but yet efficient approaches towards heteroleptic lanthanide (porphyrinato)(phthalocyaninates). Previously we have developed an efficient one-step procedure for the selective preparation of the heteroleptic lanthanide tripledecker complexes of [Por]Ln[Pc]Ln[Por] structure [19, [21] [22] [23] [24] [25] and briefly demonstrated their promising optical and redox properties [22] as well as their potential application as colorimetric sensors. [25, 26] The selective formation of the complexes with central phthalocyanine deck was observed, and the selectivity was explained by the unsymmetrical distribution of the electron density in the double-decker semiproducts. In present work we report the scope and limitations of this approach for the preparation of the complexes with various porphyrinato-and phthalocyaninato-ligands.
Experimental
1-Hexanol (HexOH, Acros Organics, 98 %) was used freshly distilled over Na. Chloroform was used freshly distilled over CaH 2 .
MeOH (99 %, Merk), CDCl 3 (99.8 %, Aldrich) and hexane (analytical grade) were used as obtained without further purification. Acetylacetonates of La, Nd and Eu (99 %, Aldrich), 4-bromobenzaldehyde (99 %, Aldrich), hydrazine monohydrate (100 %, Acros Organics) and propionic acid (Riedel de Haёn, 99 %) were also used as obtained. Pyrrole (99 %, Acros Organics) and 1,8-diazabicyclo [5.4 .0]undec-7-en (DBU, Merck, >97 %) were used freshly distilled over CaH 2 . Free-base tetraarylporphyrins, [27] 4,5-dibutoxyphthalonitrile [28] and 4,5-dicyanobenzo-(15-crown-5) (DCB-15C5) [28, 29] were prepared according to published conventional procedures.
Chromatographic separation and purification of complexes was performed at cylindrical glass columns filled with neutral alumina (Merck, 0.063-0.2 mm) or silica gel (Macherey-Nagel, Silica 60, 0.063-0.2 mm).
UV-Vis absorption spectra were recorded in 250-900 nm spectral range with Unicam UV-Vis spectrophotometer UV4 in 10 mm rectangular quartz cells. MALDI-TOF mass spectra were obtained on Bruker Daltonics Ultraflex mass-spectrometer in positive ion mode with nicotinic acid as a matrix.
NMR spectra were recorded at Bruker Avance-III spectrometer with 600.31 MHz frequency at 303 К. Samples with concentration ca. 10 -4 -10 -6 M were prepared in CDCl 3 . Chemical shifts were measured relatively to residual solvent signals (CHCl 3 , δ=7.24 ppm).
General procedure for preparation of heteroleptic complexes. The mixture of Ln(acac) 3 (0.4 mmol), free-base porphyrin (0.1 mmol), phthalonitrile (0.4 mmol), and DBU (100 µl, 0.66 mmol) was refluxed in 1-hexanol (8 ml) for 24 h under slow stream of dry argon. The reaction mixture was cooled to room temperature and added dropwise into 50 ml of hexane. The dark precipitate was filtered and washed with hexane. Chloroform solution of the residue was applied on chromatographic column filled with neutral alumina. The column was eluted with 
Results and Discussion
Following our previously developed approach for the preparation of heteroleptic triple-decker lanthanide (porphyrinato)(phthalocyaninates), [19, [21] [22] [23] [24] [25] [26] we have involved a series of free-base porphyrins and phthalonitriles into interaction with lanthanide acetylacetonates. Within the studied series, the steric and electronic properties of the ligands were varied (Figure 1 ). In turn, the application of 5,15-diphenylporphyrin in the synthesis allowed testing of the applicability of the thermally labile meso-unsubstituted porphyrins in the discussed general synthetic route.
In general, the discussed synthetic approach to the heteroleptic lanthanide (porphyrinato)(phthalocyaninates) consists in prolonged reflux of the free-base porphyrin, phthalonitrile and lanthanide acetylacetonate in 1-hexanol in the presence of DBU for 24 h. The significance of the preservation of the inert atmosphere in the synthesis has been previously mentioned. [21, 22] Moreover, we have revealed that the reaction is virtually suppressed when performed under argon atmosphere without flow of inert gas that is required for the elimination of the formed acetylacetone. The comparison of structure and yields of the obtained complexes allowed evaluation of the influence of ligands onto the reaction path (Table 1) . 4 Pc 63 % (La), [23] 55 % (Nd) [23] According to the previously published data, [23] the lanthanum(III) and neodymium(III) triple-decked heteroleptic complexes with tetra(4-bromophenyl)porphyrinato and tetra(15-crown-5)phthalocyaninato ligands were prepared with 63 % and 55 % yields, respectively (entry 1). The change of the central ligand to octabutoxyphthalocyanine reveals no influence onto the yield of the triple-decker complex (entry 2). In contrast, in the case of application of dimethoxyphthalonitrile in the synthesis (entry 3), the corresponding triple-decker complex was isolated with only 6 % yield, while octamethoxyphthalocyanine [30] was found to be the main product of the reaction. Presumably, low solubility of the free-base (MeO) 8 PcH 2 and its precipitation from the reaction mixture facilitated its formation resulting in efficient removal of the phthalonitrile from the reaction medium. Thus, the presence of electron-donating groups in the phthalocyanine macrocycle was found to be crucial for the formation of the triple-decker [Por]Ln[Pc]Ln[Por] complexes and was testified by the application of unsubstituted phthalonitrile in the synthesis (entry 4). In this case the specific formation of the corresponding double- decker complex [Br 4 TPP]Nd[Pc] was observed. Even trace amounts of desired triple-decker complex were not detected in the reaction mixture. In this case, it can be concluded that excess of electronic density on the phthalocyanine deck is required for the formation of a triple-decker compound. Nevertheless, the related triple-decker complexes bearing an unsubstituted phthalocyanine deck were reported, [31] [32] [33] that testifies their stability. In contrast, only a step-wise "raise-by-one-story" approach was successfully applied for their synthesis. The fact that the published synthesis of the triple-decker complexes was successfully performed with 1,2,4-trichlorobenzene as solvent proves their stability under reflux in high-boiling solvent. In our case we presume that higher polarity of 1-hexanol could result in complete dissociation of the compound, even if it is formed under reaction conditions.
Changing tetra(4-bromophenyl)porphyrin in the synthesis to tetraphenylporphyrin does not reveal significant influence onto the reaction path (entries 5,6). On the other hand, the sufficient solubility of the porphyrin in the reaction medium is required for the successful interaction as testified by the application tetra(4-tolyl)porphyrin (entry 7). In this case, the low solubility of the starting porphyrin resulted in complete suppression of the formation of heteroleptic complexes of any type. Considering this observed peculiarity, we involved tetra(4-tert-butylphenyl)porphyrin bearing the bulky fragments for enhancement of solubility into the interaction (entry 8). In contrast to the previous entry, the expected triple-decker complex was isolated with 67 % yield. Further increase of the bulkiness of the porphyrin meso-substituents was performed by the introduction of mesityl groups (entry 9). This modification has switched the selectivity of the reaction to the formation of the homoleptic lanthanum diphthalocyaninate La[(BuO) 8 Pc] 2 as a redox mixture.
The behavior of 5,15-diphenylporphyrin in the reaction completely differs from that of tetraarylporphyrins (entry 10). The thermal lability of the porphyrin bearing unsubstituted meso-position results in its considerable decomposition under reaction conditions. In turn, the porphyrin/phthalonitrile ratio in the reaction significantly changes, providing the mixture of heteroleptic complexes [ 4 Pc] in <5 % yield each. This result is in conformity with the published targeted synthesis of heteroleptic double-decker complexes involving diarylporphyrins, which were synthesized in 5-20 % yields. [3] All the synthesized triple-decker lanthanide complexes were isolated by means of column chromatography and sufficiently characterized with 1 H NMR, UV-Vis and MALDI-TOF MS. Among these methods UV-Vis remains significantly informative tool for elucidation of the deviations in the electronic structure of the metal complexes with tetrapyrrolic ligands. Table 2 summarizes the absorption spectral data of the synthesized complexes. In general, the comparison of the positions of the main bands in the spectra does not reveal any structural peculiarities within the synthesized series. The only exception is observed for the complex, containing diphenylporphyrinato ligand (Table 2, entry 8). In this case, two bands corresponding the predominantly porphyrinic transitions reveal the slight hypsochromic shift ca. 7-9 nm (marked in bold in the table). NMR spectroscopy provides additional structural information on the complexes, since this method is also highly sensitive to the structure of heteroleptic lanthanide complexes with tetrapyrrolic ligands. [34] [35] [36] [37] [38] [39] In the presence of paramagnetic metal center the lanthanide-induced shift (LIS) of resonances results in significant difference in chemical shifts between the related complexes of La(III) and Nd(III). The specific orientation and high barrier of inversion of the porphyrin meso-aryl groups in the heteroleptic complexes of discussed type [40, 41] lead to decrease of symmetry of the mentioned fragment. In this case, all the protons in the aryl groups become magnetically non-equivalent with respect to inner-or outer-orientation. [35] Figure 2 Five resonances, namely 2 doublets and 3 triplets, can be clearly observed in the region of aromatic proton resonances, corresponding to protons of meso-phenyl groups. According to our previously developed structural model of this type of complexes, the most upfield shifted doublet among them corresponds to the outer-oriented ortho-proton of the phenyl group. Similarly, the downfield-shifted doublet is unambiguously assigned to the inner-oriented ortho-proton. In this respect 3 remaining triplets could be assigned to metaand para-protons of the aromatic ring, while two narrow singlets with 2:1 ratio obviously correspond to equivalent porphyrin and phthalocyanine aromatic protons. The region of aliphatic proton resonances of the spectrum shows 4 multiplets, corresponding to the fragments of butoxy-group. It should be mentioned that the resonance corresponding to CH 2 O fragment is composed of two overlapping triplets with 3 J=6.6 Hz with 2.7 Hz shift (ca. 0.005 ppm). As an assumption we attribute this shape of the signal to two different orientations of this CH 2 -group in the molecule with hindered exchange between them. Heteroleptic Lanthanide(III) (Porphyrinato)(Phthalocyaninates)
Moreover, a weak cross-peak corresponding to the 4 J-coupling between H oi and H oo could also be observed. In the case of butoxy-group resonances, all the expected correlations of the aliphatic chain are also observed. Thus, the complete assignment of the proton resonances in the spectrum is unambiguously verified and it is in conformity with the previously published assignments of the related complexes. [23] The NMR data of the synthesized compounds of [Por] Ln[Pc]Ln[Por] type are summarized in Table 3 . The previously described related lanthanum(III) and neodymium(III) complexes [23] are used as comparative references of chemical shifts. The combination of magnetic anisotropy of the aromatic rings and the influence of the paramagnetic origin of the lanthanide ion makes the chemical shifts of the protons in this type of molecules extremely sensitive even to minor structural deviations. It can be noted, that in the case of diamagnetic lanthanum(III) complexes the chemical shifts of the macrocyclic porphyrins and phthalocyanine protons remain virtually unchanged upon variation of the substituents of the ligands. Moreover, the positions of the meso-aryl protons resonances are dependent rather on the type of parasubstituent then the origin of the phthalocyanine deck. The resonance of porphyrins meso-proton is omitted.
In contrast, in the case of paramagnetic neodymium(III) complexes the slight variation in chemical shifts is observed within the series, since the LIS of the resonances is significantly dependent on the respective position of the lanthanide ion and the corresponding nuclei in the molecule. For instance, the resonances of the meso-substituents of Br 4 TPP ligand slightly differ upon variation of the phthalocyanine deck substituents, that could reasonably be assigned to minor structural deviations of these complexes. Nevertheless, the comparison of the chemical shifts within the series generally testifies the performed assignments and the structural relations of the obtained complexes.
Conclusions
We have investigated the scope and limitations of the previously developed one-step synthetic approach for the preparation of heteroleptic early lanthanide triple-decker (porphyrinato)(phthalocyaninates). The presence of electrondonating substituents is a key factor for the efficient formation of the triple-decker complexes of [Por]Ln[Pc]Ln[Por] type. Moreover, the application of porphyrin ligands containing unsubstituted meso-positions is limited because of their thermal lability. Introduction of bulky meso-aryl groups to the porphyrin ligand is also a limiting factor for the formation of the triple-decked complexes, presumably as a result of the intramolecular sterical repulsion between decks. The analysis of the UV-Vis and NMR spectra of the prepared complexes reveals the close structural relation between them despite the origin of the applied ligands.
